Abstract. Structural transformations that take place on cooling down in Pb-based relaxor ferroelectrics are investigated on the basis of polarized Raman spectroscopy and far infrared ellipsometry applied on single-crystal samples of PbSc 0.5 Ta 0.5 O 3 (PST) and PbSc 0.5 Nb 0.5 O 3 (PSN). The temperature evolution of phonon anomalies reveals different preferred ferroic species in PST and PSN. Near the dielectric constant maximum cooperative shifts of Pb atoms in respect to the oxygen sheets perpendicular to the cubic body diagonal occur in larger spatial regions for PST than for PSN. On cooling down this structural modification becomes preferential for PST, thus giving rise to highly anisotropic ferroelectric domains. In PSN the temperature decrease favours B-cation deviations from the BO 6 -octahedral centres, which leads to formation of smallsized polar clusters distributed in the isotropic matrix. Near 180 K PST undergoes an additional phase transition that involves reduction of the rotation symmetry. The nanoscale phase transformations in PST are affected by the presence of point defects rather than by the degree of long-range B-site ordering. The spectroscopic data give some evidence that in PSN additional multiplication of the unit cell takes place, besides the common perovskite-structure doubling Pm 3 3m À Fm 3 3m.
Introduction
A key problem in modern solid-state science is to figure out the specific nanoscale structural arrangements responsible for the macroscopic functionalities of advanced materials. Relaxors are ferroelectric materials that possess an extremely high dielectric constant, an abnormally broad diffuse phase transition near the dielectric constant maximum, T m , and strong frequency dependence of the dielectric constant as a function of temperature. Due to their extraordinary dielectric properties relaxors are of great technological importance and have already found various applications in pyroelectric detectors, capacitors, electromechanical devices, ultrasonic and modern medical imaging devices, etc. (Bhalla et al., 2000) . Relaxors are also promising for non-volatile ferroelectric random-access memory (Grantzow et al., 2002) .
The relaxor behaviour appears in complex oxides, mainly in Pb-based perovskites with a general formula ABO 3 . The B-site complex materials have cubic space group symmetry in the paraelectric state, which is Pm 3 3m or Fm 3 3m for chemically disordered or ordered materials, respectively. On cooling down the lattice is slightly changed to rhombohedral symmetry (Da ¼ 90 À a r 0:15 near 4 K). However, this is a quite oversimplified description of the real structural transformations that take place in the lattice of Pbbased perovskite-type relaxors. According to transmission electron microscopy, on a nanometric length scale the relaxor structure contains always both compositionally disordered and ordered regions, despite the presence or absence of B 0 /B 00 superlattice Bragg reflections in the X-ray diffraction patterns (Kang, 1990) . Further, even well above T m a part of the cations are shifted from their ideal cubic positions, thus forming nanoscale ferroic structural species (Malibert et al., 1997; Dmowski et al., 2000; Woodward & Baba-Kishi, 2002) . The ferroic clusters vary in shape and size and, at the same time, they are of dynamical character, i.e. the polar clusters create and annihilate on a microsecond time scale (Bursill et al., 1995; Blinc et al., 2001; Laguta et al., 2004) . Thus, the relaxor structure is characterised with two types of disorder: compositional and structural, which leads to the co-existence of two types of nanodomains: compositionally ordered/disordered and non-ferroic/ ferroic. The interplay between the different types of domains and the true origin of relaxor behaviour in Pb-based perovskite is still a challenging problem. The great potential of relaxors as multi-functional materials requires studying more deeply the local structural phenomena occurring near the Curie range.
Optical spectroscopy (IR and Raman) of phonon modes is an excellent method for probing structural species occurring on the ms-time scale, because of the much shorter time period of atomic vibrations ($10 À13 s). Due to the high sensitivity to local structural distortions as well as the much better signal-to-noise ratio in detecting low-energy phonon modes, Raman spectroscopy has preferably been used for studying phase transitions in mixed-valence oxides, including Pb-based relaxors (Husson, 1998 , and references therein). Infrared (IR) reflectivity has sporadically been applied to ceramic samples of relaxor ferroelectrics. Far IR ellipsometry compares favourably to the conventional IR reflectance spectroscopic techniques because it does not require a measurement of a reference signal and performance of Kramers-Kronig transformation (Bernhard et al., 2000) . Thus, the far IR ellipsometry method avoids the inaccuracy in the measured spectroscopic features, which is related to the choice of a proper reference standard and to the extrapolation of the reflectivity from zero to infinite wavenumber. By combining the advantages of the IR ellipsometric method and the high brilliance of the synchrotron radiation one can study small-sized single crystals and detect with a high accuracy the infrared-active phonons.
The objective of this paper is to analyse nanoscale structural transformations in Pb-based perovskite relaxors by following the temperature evolution of the phonon anomalies in single crystal samples. For the purpose, polarized Raman spectroscopy and far IR ellipsometry with a synchrotron radiation source were applied to PbSc 0.5 Ta 0.5 O 3 and PbSc 0.5 Nb 0.5 O 3 -relaxors that have equal stoichiometry and ionic radius of the second type of B-site cation. The two materials differ from each other only in B 00 -cation masses and B 00 -O atomic interactions, which facilitates the unambiguous recognition of the modes responsible for the corresponding spectral peaks.
Experimental
Cubic-shaped single crystals of PbSc 0.5 Ta 0.5 O 3 (PST) and PbSc 0.5 Nb 0.5 O 3 (PNT) with a typical size of 2-3 mm and good optical quality were synthesised by the high temperature solution growth method in a PbO þ PbF 2 þ B 2 O 3 flux. The chemical composition of the obtained single crystals was verified by electron microprobe analysis using a Cameca Microbeam SEM-system. The content of metal elements in the three samples studied throughout this work is shown in Table 1 . The room-temperature unit cell parameters and the degree of B-site ordering were determined by powder X-ray diffraction analysis (Philips X'Pert diffractometer). The compositional ordering was also probed by single-crystal X-ray diffraction analysis (Nonius Kappa CCD diffractometer).
The Raman spectroscopic measurements were performed with a triple monochromator system (Jobin-Yvon T64000) equipped with an Olympus BH2 microscope. The spectra were collected in back-scattering geometry using the 514.5-nm line of an Ar þ laser and a beam power on the sample surface of 60 kW/cm 2 . Parallel-and cross-polarized spectra were recorded at different temperatures ranging from 410 to 10 K. Two experimental geometries were used: (i) when the polarization of the incident light was parallel to the cubic edge and (ii) when the polarization of the incident light was parallel to the cubic face diagonal. The spectral resolution was about 2 cm À1 . The measured Raman spectra were subsequently corrected for the BoseEinstein phonon occupation factor.
The far-infrared ellipsometric measurements were performed at the MPI-IR endstation of the IR beamline of the synchrotron radiation source at ANKA in Karlsruhe, Germany. A home-built ellipsometer attached to a Bruker IFS 66 v/S FT-IR spectrometer was used to measure the complex reflection ratio from which the dielectric function is extracted (Henn et al., 1998) . The ellipsometric data were collected on a polished (100)-oriented single crystal surface at different temperatures between 380 and 10 K.
Results and discussion
The structure of PST undergoes a paraelectric-to-ferroelectric phase transition between 300 and 270 K and the space group symmetry is changed to R3m or R3 (Groves, 1985; Dmowski et al., 2000) . Recently, it has been shown that the ferroelectric phase of partially B-site ordered PST adopts better R3 symmetry (Woodward & Baba-Kishi, 2002) . For PSN the ferroelectric phase transition occurs between 390 and 350 K and the low-temperature phase is refined best in R3m space group symmetry (Malibert, 1997; Perrin, 2000) . The phase transition temperature depends on the degree of B-site ordering, which is commonly determined through the superlattice reflections associated with B 0 /B 00 ordering along the cubic body diagonal (Stenger & Burggaaf, 1980) . By varying the synthesis parameters we prepared two tantalate samples, PST-1 and PST-2, possessing different degree of compositional ordering and one sample of disordered PSN (see Fig. 1 ). The B 0 /B 00 superlattice is well pronounced for sample PST-2, while it is hardly noticeable for PST-1. Single-crystal diffraction data confirmed the existence of B-site ordering in the latter sample. As estimated from the integrated intensity ratios the partition of the B-site ordered domains are approximately twice greater in PST-2 than in PST-1. Besides, the strong broadening of the (
= 2 ) reflection for PST-1 reveals a much smaller domain size. The sample PSN is totally B-site disordered within the sensitivity of both powder and single crystal X-ray diffraction analyses. Further, the two relaxor compounds are compared based on the data obtained for samples PST-1 and PSN.
The phonon modes predicted by the group-theory analysis (Rousseau et al., 1981) for chemically disordered and ordered PbSc 0.5 B 00 0.5 O 3 crystals, when R3m symmetry is assumed for the ferroelectric phase are given in Table 2 . The results for R3 space group symmetry are the same but all A-modes are simultaneously Raman and IR active.
As can be seen from Table 2 , in the paraelectric state no Raman activity is expected for single perovskites (Pm 3 3m), while four Raman peaks should be observed for double perovskites (Fm 3 3m). However, at temperatures above T m an abundance of Raman signals is observed for both PST and PSN (Fig. 2) , thus pointing to a strong deviation of the local structure from the global one, as determined by X-ray diffraction.
The equal number of Raman peaks for the two compounds reveals that on a spectroscopic coherence length the structures of PST and PSN have the same symmetry. The dependence of the polarizability tensors on the experimental geometry allowed us to distinguish the "true" Raman-active cubic modes by comparing the peak intensities in different scattering geometries (Mihailova et al., 2002) . Since the mass of Nb is less than that of Ta, while the Ta--O interactions are stronger than the Nb--O ones (Repelin et al., 1999) , it was also possible to differentiate the modes that are predominantly localised in B-cations from those localised in the oxygen atoms. Hence, the observed Raman peaks were assigned to definite atomic vibrations on the basis of normal-mode calculations for cubic perovskite structure and the anomalous Raman scattering was analysed through calculated modes of representative structural units at various atomic positions (Mihailova et al., 2002; Güttler et al., 2003) . The perfect polarization of the band near 820 cm À1 , arising from A g and E g modes, indicates clearly that on a length scale of a few unit cells doubling of the structure occurs in both materials. The phenomenon is due to oxygen shifts along the cubic edge, which may be promoted by the presence of
linkages, but it is independent of the overall B-site ordering detectable by X-ray diffraction. This should be valid for all Pb-based perovskite-type relaxors, since a high-wavenumber peak is always observed in the Raman spectra.
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a: ir, infrared-active; r, Raman-active; ina, inactive. The O-localised F 2g mode has controversially been ascribed to the Raman peak observed near 250 or between 300-350 cm
À1
. The polarization of the Raman scattering near 250 cm À1 rules out the possibility for F 2g symmetry of the generating mode. At the same time, the mass dependence reveals that this peak results mainly from the Bcation localised F 1u mode. The Raman scattering near 300-350 cm À1 has been associated with B-site ordered domains and, thus, with F 2g mode typical of Fm 3 3m symmetry. However, based on phonon confinement model it has been shown that in relaxors the Raman scattering is connected with spatial regions up to 4 or 5 unit cells of single perovskite (Rogacheva, 2000) , i.e. the long-range B-site ordering should play negligible role for the Raman spectroscopic features. According to our calculations, this is an oxygen-localised phonon anomaly related to a non-coplanarity of the Pb and O atoms in planes perpendicular to the cubic body diagonal, which leads to Raman activity and splitting of the silent F 2u mode (Mihailova et al, 2002 . The intensity ratio between the higher-and lower-wavenumber components of F 2u depends monotonically on the correlation length of coherent shifts of the Pb atoms in respect to the oxygen atoms. Such structural deviations form quasi-two-dimensional polar clusters. These ferroic species are impacted by point defects in O-sublattice rather than by long-range B-site ordering, as it can be deduced by comparing the similarity of the cross-polarized Raman spectra of PST-1 and PST-2 (Fig. 3) . The latter assumption is strongly supported by data on PST single crystals grown in H 2 and O 2 flow and with different cooling rates (unpublished results).
The comparison of the Raman scattering near 300-350 cm À1 for PSN and for PST (see Fig. 2 ) shows that the coherent length of cooperative Pb displacements is considerably shorter in PSN that in PST. Similar conclusion about the local structure in the two relaxor compounds has been drawn on the basis of high-resolution neutron diffraction data (Woodward & Baba-Kishi, 2002) .
The non-coplanarity of Pb and O atoms leads also to an extra Pb-localised mode, which is responsible for the anomalous Raman scattering near 80 cm À1 , observed in the parallel polarized spectra.
The temperature evolution of the polarized Raman spectra of sample PST-1 from room temperature to 7 K is shown in Fig. 4 . The ferroelectric phase transition that occurs just below room temperature is clearly demonstrated by the depolarization of the spectra measured with incident-light polarization parallel to the cubic edge.
The temperature decrease leads to a monotonic enhancement of the Raman signal near 80 cm À1 , related to the out-of-plane shifts of Pb atoms. That means that the non-coplanarity of the Pb and O atoms in the pseudo-cubic (111)-planes is stabilized on cooling down, thus forming highly anisotropic ferroic entities responsible for the spontaneous polarization. It is worth noting that below 250 K the temperature-induced spectral changes for sample PST-2 are the same as for PST-1, pointing to the equivalence of the ferroic nanodomain structure, regardless of the slight difference at room temperature. In contrast, low-temperature Raman scattering of PSN exhibits no peak near 80 cm À1 (see Fig. 5 ). Instead, when the temperature lowers, one can observe amplifying of the parallelpolarized scattering near 590 and 150 cm
. The former signal arises from non-centresymmetrical distortion of BO 6 octahedra, while the latter is related to translation of BO 3 species in respect to Pb atoms (Mihailova et al., 2002) . Therefore, in PSN off-centred B-cation shifts are the preferred structural modifications that occur on cooling down and the spontaneous polarization is due to deformed Pb--BO 3 species randomly oriented along the pseudo-cubic body-diagonal directions. Thus, in lead scandium tantalate and lead scandium niobate different structural changes are preferably developed, which determine differNanoscale phase transformations in PST and PSN 743 Fig. 3 . ZðXYÞ Z Z polarized Raman spectra of PST-1 (less B-site ordered) and PST-2 (more B-site ordered); the spectrum profiles are fitted with Lorentzians (Origin 6.1 software package). ent mechanisms of formation of the ferroelectric state. In PST the cooperative out-of-plane shifts of Pb with respect to O atoms nucleate quasi-two-dimensional ferroic clusters, which further grow in long-range ferroelectric domains with a local polarization oriented randomly along the four pseudo cubic body diagonals. The crystalline character and the moderately large size of these ferroic domains are mirrored by the uniformity of the low-temperature Raman spectra in ZðXXÞ Z Z and ZðXYÞ Z Z scattering geometries. In PSN the Bcation deviations from the BO 6 -octahedral centres generate small-sized polar clusters distributed in non-polar matrix, thus forming a glassy-like system. The poor development of long-range ordered ferroelectric nanodomains as well as the abundance of paraelectric spatial areas is evident from the relatively large peak widths and the preserved polarization of the spectra of PSN.
For lead scandium tantalate additional spectral changes are observed between 180 and 150 K, which favours the assumption that further structural transformations take place. Extra peaks near 45 and 110 cm À1 are detected at lower temperatures and the shape of the band between 500-650 cm À1 is modified. To analyse more precisely the spectroscopy data we performed multi-peak fitting of the profile of the Raman scattering between 25 and 190 cm À1 as well as between 500 and 650 cm À1 assuming different numbers of replica and probing different peak functions (Lorentz, Gauss or pseudo-Voigt). One should mention that the spectrum profile between 25 and 190 cm À1 is successfully fitted only with Lorentzians, while at low temperatures the Gaussian component becomes significant for the band 500-650 cm À1 . A Gaussian profile of the Raman signal points to enlarged distribution over the possible equilibrium configurations of the structural species that generate the corresponding mode. Since the band 500-650 cm À1 originates from O--B--O bending modes, one can suggest a considerable increase in the distribution over static BO 6 octahedral distortions. The temperature dependence of the positions of the peaks observed in ZðXXÞ Z Z scattering geometry is plotted in Fig. 6 .
For PST the Raman scattering associated with both cubic F 2g modes, near 550 cm À1 , (O-localised) and near 55 cm À1 (Pb-localised), splits initially into two components, which correspond to cubic-rhombohedral phase transformations, and below 180 K it splits into three components. For clarity Fig. 7 depicts the non-linear fit of the spectral bands related to the cubic F 2g modes. The grouptheory analysis demonstrates that a mode splitting observed for non-centresymmetrical rhombohedral structure can only be due to a reduction of the rotation symmetry. Based on hysteresis and dielectric measurements additional lowering of the symmetry has already been assumed for PST (Dawber et al., 2001) . A ferroelectric monoclinic phase with the binary axis oriented along the pseudo-cubic [110] direction has been detected in relaxor-based perovskite-type system (Ye et al., 2001) . In fact, the most pronounced changes in the spectrum profile are observed in ZðX 0 Y 0 Þ Z Z scattering geometry (see Fig. 4 ), which is most sensitive to structural changes along the pseudo-cubic face diagonal. Thus, the Raman spectroscopic data give strong evidence that near 180 K on a nanometric length scale a rhombohedral-to-monoclinic or a rhombohedral-to-triclinic phase transition occurs, depending on whether the rhombohedral phase is considered to be of R3m or R3 symmetry. Besides the mode splitting, below 180 K an extra peak near 110 cm À1 appears in the spectrum of PST. This signal may result from Brillouin zone-boundary modes activated due to reduction of the translation symmetry. Thus, the nanoscale phase transition that PST undergoes between 180 and 150 K might involve also doubling of the unit cell.
As expected, because of the small size of ferroelectric domains additional splitting of peaks, i.e. additional lowering of the rotation symmetry, is not observed for PSN. However, an additional peak near 100 cm À1 exists even at high temperatures. The temperature dependence of the wavenumber of this peak resembles that of an order parameter, which implies the idea for an additional unit cell multiplication in PSN, besides the common Pm 3 3m À Fm 3 3m doubling of perovskite structure.
It is worth noting that doping of PST with small amount of Nb affects the ferroic nanodomain structure . The comparison between the Raman spectra of stoichiometric PST and PST doped with Nb (Nb/Ta ¼ 0.006) reveals less developed ferroelectric nanodomain structure in Nb : PST and absence of additional lowering of the rotation symmetry. Similarly to sample PST-2 the investigated sample of Nb : PST possesses some degree of long-range B-site ordering, but it exhibits different temperature evolution of the Raman scattering. As example, Fig. 8 shows the low-wavenumber spectrum profile of stoichiometric PST, Nb-doped PST and stoichiometric PSN measured at 7 K. Obviously, the presence of second type of five-valence B-cation leads to point defects that influence the ferroic species. Thus, the doping might play an important role in adjusting the nanoscale texture and, consequently, the relaxor behaviour. Further investigations are needed to clarify this issue.
The optical conductivity derived from the ellipsometric data and the temperature dependence of the spectral parameters for PST-1 and PSN are shown in Fig. 9 and Fig. 10 , respectively. Although we managed to detect more IR-active phonons than previously reported for PST (Petzelt et al., 1998) , the optical conductivity spectra contain less signals than the corresponding Raman spectra and the number of peaks remains unchanged on cooling down. That means that the Raman scattering is more sensitive to occurrence of small-sized ferroic clusters than IR ellipsometry.
The following features are observed in the optical conductivity of both PST and PSN: (i) an intense, two-component band between 500 and 700 cm . The bands near 220 and between 30-130 cm À1 are positioned at higher energy for PSN than for PST, which means that they arise from modes involving B-site cation motion. The largest wave- number difference between PST and PSN due to the mass effect is detected for the 220 cm À1 band (see Fig. 11 ). Therefore, one can assign this band to the B-cation-localized F 1u -mode and it corresponds to the intense Raman scattering near 250 cm À1 . Hence, the 30-130 cm À1 band originates from infrared active translations of the BO 3 triplets with respect to the Pb atoms. The extra peak at 313 cm
, the splitting of the 220 cm À1 band below 275 K and the third component in the lowest-energy band are in favour for higher spatial anisotropy in PST than in PSN. These results are in agreement with the Raman scattering data pointing to larger ferroic species in PST than in PSN. Further, the change in the slope of w 2 (T) and I(T) for the signal near 550 cm À1 in the optical conductivity of PST (see Fig. 9b ) corresponds well to the temperature at which additional phase transformation was detected by Raman spectroscopy. For PSN the high-energy peaks increase in frequency monotonically when the temperature decreases. However, the lowest-energy peak undergoes drastic changes between 150 and 100 K (Fig. 10b) . The strong damping of the related optical phonon mode is indicative for an occurrence of another type of structural modifications. This observation supports the idea for possible multiplication of the unit cell. Further ellipsometric measurements will give more insights on IR-active phonon anomalies in Pb-based relaxors.
Conclusions
The spectroscopic data reveal the existence of nanoscale Pm 3 3m À Fm 3 3m doubling for both PST and PSN relaxors, regardless of the degree of B-site ordering detectible by Xray diffraction.
The difference in the five-valence B-site cation provokes different preferential ferroic species in the two relaxor compounds. In PST the temperature lowering stabilises the non-coplanarity of the Pb--O sheets perpendicular to the cubic body diagonal, while in PSN the cooling favours the non-centresymmetrical distortions of the BO 6 octahedra. Hence, in PST the ferroelectric state is related to nanoscale crystalline-type domains, while in PSN to glassylike system of small-sized polar clusters. In PST a nanoscale phase transformation involving lowering of the rotation symmetry occurs near 180 K. The ferroic nanodomain structure of PST is influenced by point defects rather than by the degree of long-range B-site ordering. ; the spectra are vertically shifted for clarity.
